A systematic search for motifs associated with CcrM DNA methylation sites revealed four long (>100-bp) motifs (CIR sequences) present in up to 21 copies in Caulobacter crescentus. The CIR1 and CIR2 motifs exhibit a conserved inverted repeat organization, with a CcrM site in the center of one of the repeats.
1.82 software program (24) and BLAST (1) . Consensus RNA secondary structures were predicted by using ConStruct 2.0 (14, 15) , which uses the RNAfold 1.4 algorithm (10, 16, 28) . Default settings were used for CLUSTALW and ConStruct.
We examined 15 bp of sequence centered on each CcrM site (5 bp upstream and downstream of each GANTC) in C. crescentus. Excluding those which were associated with known transposases or insertion elements (17) , four 15-mers occurred more than four times in intergenic sequences (Table 1 ; also shown are results for other ␣-proteobacteria). Sequence conservation around each of these 15-mers extended to over 100 bp (for alignments, see supplementary materials at http: //caulobacter.stanford.edu/CIR). Using BLASTN to identify matches to each long motif, we found that only one or two matches do not contain CcrM sites. These long conserved motifs are therefore called Caulobacter CcrM-associated intergenic repeat 1 (CIR1) to CIR4. Two of these motifs, Caulobacter CIR1 and CIR2 (present in 21 and 16 copies, respectively) ( Fig. 1A and B ), appear to be conserved in other bacteria; only these two motifs in C. crescentus and related motifs in other ␣-proteobacteria are discussed below.
The local gene organization around each Caulobacter CIR1 and CIR2 sequence is shown in Table 2 . CIR1 and CIR2 are often shortly downstream of flanking open reading frames (ORFs) (Fig. 2) ; the stop codon is often the beginning of the CIR1 or CIR2 consensus sequence (a distance of 1 in Table 2 ). In these cases, CIR1 and CIR2 have not truncated the flanking ORFs (based on BLASTP [1] compared to the GenBank [5] nonredundant database, only 1 of 26 ORFs whose stop codon is supplied by a CIR1 or CIR2 sequence is truncated). The identities of the flanking ORFs suggest no function for the CIR sequences.
Because Caulobacter CIR1 and CIR2 are close to flanking genes, we expect them to be at least partially transcribed. Both motifs are composed of two 52-bp inverted repeat sequences (arms) separated by a 12-bp linker and thus, if transcribed, are predicted to form two long stem-loops joined by the linker (Fig. 3A) . Of 38 differences between CIR1 and CIR2, 20 are compensatory changes preserving potential base pairing. The linkers are conserved and nonpalindromic, allowing CIR1 and CIR2 to be oriented. The CcrM site is in the middle of one of the arms (blue circles in Fig. 3A) . The presence of exactly one CcrM site seems important: only 2 of 37 CIR1 and CIR2 sequences have CcrM sites in both arms. Additionally, the arms (each individually inverted repeats) are nearly inverted repeats of each other, but one arm contains a single difference which destroys what would otherwise be a complementary GANTC site.
Two 110-bp motifs in Brucella melitensis (Brucella CIR1 and CIR2, present in 39 and 35 copies, respectively) are strikingly similar to the Caulobacter CIR1 and CIR2 motifs ( Fig. 1C and  D) . The Brucella CIR1 and CIR2 motifs are (i) composed of two inverted repeat arms joined by a central linker (Fig. 3B) , (ii) have a CcrM site in the center of one of the inverted repeats, (iii) have a conserved central linker, and (iv) sometimes provide stop codons for flanking ORFs (data not shown). The Brucella CIR1 motif is also often downstream of flanking ORFs (Fig. 2) . These ORFs are not related to the flanking ORFs in Caulobacter (finding the best BLAST hit in C. crescentus of the 137 ORFs flanking Brucella CIR1 and CIR2 sequences results in only two ORFs flanking Caulobacter CIR1 or CIR2 sequences; by random chance, one would expect to find three). Thus, flanking ORFs again provide no suggestions for CIR functions.
Potentially related CIR motifs in other ␣-proteobacteria are diagrammed in Fig. 4 (for full sequences and alignments, see supplementary materials). The Mesorhizobium CIR1 motif is a The number of exact matches to the sequence in the entire genome, excluding plasmids (and megaplasmids in S. meliloti). Both chromosomes of B. melitensis were included.
b The number of matches to the sequence with exactly one mismatch in the first or last five base pairs (no mismatches allowed in the central CcrM site). c That is, the number of exact-match and one-mismatch occurrences which are in intergenic regions, based on the middle of the CcrM site. d The approximate size of the conserved region in base pairs surrounding the sequence, as judged by manual examination. e That is, Mesorhizobium loti.
FIG. 1. DNA sequence alignments for
Caulobacter and Brucella CIR1 and CIR2 sequences. Sequences were identified by BLASTN on the entire genome sequence, and full (not truncated) matches were identified manually. Alignments are shown for Caulobacter CIR1 (A), Caulobacter CIR2 (B), Brucella CIR1 (C), and Brucella CIR2 (D). Nucleotides are color coded, with A in red, C in blue, G in black, and T in green. Sequences are annotated on the left with the chromosomal coordinate of the first (leftmost) base shown and on the right with the length of sequence shown. Negative coordinates indicate sequences that have been reversed and complemented. In panels C and D, an "I" indicates the sequence is from chromosome I, and an "II" indicates the sequence is from chromosome II. Asterisks above the sequences indicate strictly conserved bases. The gray bars at the bottom of the alignments indicate the level of conservation, with the tallest bars meaning strict conservation in all sequences and no bar meaning no conservation. The location of the conserved CcrM site is highlighted with a black box. Arrows in panel A highlight a hybrid CIR1/CIR2 sequence. shorter than those in Caulobacter and Brucella, and the central linker is different. However, it is also composed of two inverted repeats (arms) with a conserved CcrM site in the center of one arm. The Sinorhizobium CIR1 is composed of two inverted repeats, but the conserved CcrM site is within the central linker, whose sequence differs from the Caulobacter and Brucella linkers. However, two motifs previously identified in S. meliloti, RIME1 and RIME2 (for Rhizobium-specific intergenic mosaic elements 1 and 2) (18), also have two inverted repeat arms joined by a central linker. The linker sequence in RIME1 is similar to the Caulobacter and Brucella CIR1 and CIR2 linker, but RIME1 has no conserved CcrM site in its arms. The lack of conserved CcrM sites in RIME1 and RIME2 explains why these sequences were not found by our searches. We found only a previously identified 440-bp motif associated with CcrM sites in Rickettsia prowazekii, with no resemblance to other CIR sequences. Notably, R. prowazekii lacks a CcrM homolog.
A similar search in E. coli for Dam-associated motifs yielded Coordinates for the CIR sequence according to the published genome sequence. c A "ϩ" direction means transcription goes from lower to higher coordinate numbers; a "Ϫ" means transcription goes from higher to lower coordinate numbers. . These were associated with the IS5 transposase, the 23S rRNA gene cluster, and an Rhs element (for "rearrangement hot spot," a large, protein-coding repeat element) (27) . Accordingly, no previously identified repeated intergenic sequence in E. coli K-12 is associated with Dam sites. The Caulobacter and Brucella CIR1 and CIR2 motifs resemble IRU/ ERIC sequences in E. coli (11, 21) . IRU/ERIC sequences are ϳ120 bp long, highly conserved, palindromic, and present in similar numbers. IRU/ERIC sequences were also found by sequence analysis; they are transcribed and have detectable transcriptional termination activity. However, gene regulation is probably not their primary role because this does not explain their extensive conservation (2, 11, 21) . By a similar argument, then, gene regulation is likely not the primary function of the CIR sequences. The IRU/ERIC sequences differ from CIR1 and CIR2 in important ways, however. IRU/ERIC sequences have no consensus methylation sites, appear usually between genes in an operon (Fig. 2) , and have a single conserved stem-loop in their predicted RNA secondary structure (11, 21) . No other previously identified repeated intergenic sequences outside of ␣-proteobacteria are analogous to the Caulobacter and Brucella CIR1 and CIR2 motifs; these CIR motifs are thus a new class of repeated intergenic sequences.
Like repeated intergenic sequences in other bacteria, the function of the CIR motifs is unknown. The association with methylation sites is novel, suggesting that understanding them may shed light on the functions of CcrM methylation. Their predilection for the end of genes suggests involvement in gene regulation, but they are not similar to known transcriptional terminators, and this would not explain their conservation. Their high conservation suggests a maintenance process, such as gene conversion (as has been postulated for the IRU/ERIC sequences). The GC content of the Caulobacter CIR1 and CIR2 sequences is 44.8% Ϯ 6.3% (all other intergenic sequences are 64.8% Ϯ 11.5%), which suggests a foreign origin. However, they are not similar to known transposases or insertion elements. Furthermore, these sequences may be modular, since there is one hybrid Caulobacter CIR1/CIR2 sequence (arrows in Fig. 1A; Fig.  4) , and several other CIR sequences seem to have variants based on different arm sequences (see supplementary materials). Since repeated sequences seem to be found ubiquitously in intergenic sequences in all organisms (3), further characterization of CIR motifs and other intergenic sequences, both upstream and downstream of genes, is essential for understanding genome function and evolution.
